Background {#section1-1753466620935770}
==========

Mesothelioma is a rare cancer, with an estimated incidence of less than 1% of all cancers diagnosed.^[@bibr1-1753466620935770]^ Malignancies arising from the pleural lining of the thoracic cavity account for more than 90% of mesothelioma cases.^[@bibr1-1753466620935770]^ Due to its aggressive course and limited treatment options, patients with malignant pleural mesothelioma (MPM) have poor prognosis, with stage III--IV patients having a median overall survival between 10 months and 14 months.^[@bibr2-1753466620935770],[@bibr3-1753466620935770]^ MPM is associated with asbestos exposure and is more common in males with Caucasian or Hispanic ancestry than in African Americans or Asians^[@bibr1-1753466620935770],[@bibr4-1753466620935770]^; however, an increase in MPM cases has been observed among Asians in recent years.^[@bibr2-1753466620935770]^

A recent study has identified a small subset of patients (19.5%, 25/128) with protein overexpression of anaplastic lymphoma kinase (ALK).^[@bibr5-1753466620935770]^ Preclinical studies have demonstrated the combined efficacy of ALK inhibitor crizotinib and rapamycin in simultaneously targeting ALK overexpression and mTOR to inhibit MPM tumor growth.^[@bibr5-1753466620935770]^ Conversely, *ALK* rearrangements have been identified only in peritoneal mesothelioma,^[@bibr6-1753466620935770]^ but not in MPM.^[@bibr7-1753466620935770][@bibr8-1753466620935770]--[@bibr9-1753466620935770]^ A comprehensive molecular profiling study did not identify any *ALK* rearrangements from a cohort of 74 patients with MPM using various molecular profiling methods including whole-exome sequencing, copy-number array, mRNA sequencing, non-coding RNA profiling, and reverse-phase protein array.^[@bibr9-1753466620935770]^

Newer generations of ALK tyrosine kinase inhibitors (TKI), including alectinib and lorlatinib, have dramatically improved the prognosis of patients with *ALK-*rearranged non-small cell lung cancer (NSCLC) due to the improved ability of these inhibitors to penetrate the central nervous system.^[@bibr10-1753466620935770],[@bibr11-1753466620935770]^ Due to the rarity of *ALK*-rearranged MPM tumors, clinical responses of patients with MPM to ALK-TKIs remain unexplored. Herein, we describe the detection of *EML4-ALK* rearrangement in MPM. We further describe the clinical responses of our patient to alectinib and lorlatinib, and elucidate the molecular mechanisms of acquired ALK-TKI resistance using targeted sequencing.

Case report {#section2-1753466620935770}
===========

In early 2018, a 33-year-old, non-smoking male with no family history of cancer and no known exposure to asbestos sought medical attention with complaints of weakness, chest pain when breathing deeply, and persistent cough with asthma. His Eastern Cooperative Oncology Group performance score (ECOG-PS) was 2. During his hospital confinement, thoracentesis was performed for 9 consecutive days to drain approximately 800 ml of pleural effusion (PE) per day. However, pathology examination of his PE samples failed to identify any malignant tumor cells, even after three repeated evaluations.

Upon referral to our department, the patient was severely ill, having weak constitution (ECOG-PS 4), intermittent fever, severe asthma, and rapid accumulation of PE. Enhanced computed tomography of the chest revealed a mass in the right lung hilum, which compressed the right pulmonary artery and blocked the tracheal carina. The presence of nodules and pleural effusion in the right pleura were also observed. Based on his comprehensive clinical workup including histopathology ([Figure 1A](#fig1-1753466620935770){ref-type="fig"}), and imaging results ([Figure 1B](#fig1-1753466620935770){ref-type="fig"}), he was diagnosed with stage IIIB (cT4N2M0) MPM based on recent National Comprehensive Cancer Network (NCCN) guidelines on MPM staging (v.1.2018).^[@bibr12-1753466620935770]^ Following NCCN guidelines for first-line standard of care for MPM, he was administered a palliative chemotherapy regimen consisting of cisplatin, gemcitabine, and endostar for two cycles, which significantly reduced the PE and improved his physical mobility (ECOG-PS 2). Targeted next-generation sequencing (NGS) of the baseline PE supernatant was performed using a panel consisting of 520 cancer-related genes (OncoScreen Plus, Burning Rock Biotech, Guangzhou, China).^[@bibr13-1753466620935770]^ He was then administered alectinib at a dose of 600 mg twice daily after the analysis revealed the detection of *EML4-ALK* (variant 3). After 1 month of alectinib therapy, his cough and asthma were alleviated; with a significant reduction in the blood tumor markers, particularly neuron-specific enolase (NSE) and squamous cell carcinoma antigen (SCC) ([Figure 1G](#fig1-1753466620935770){ref-type="fig"}). After a month of therapy, plasma NGS revealed a reduction in *EML4-ALK* abundance, indicating treatment efficacy. Consistent with the continuous improvement in clinical symptoms (ECOG-PS 1), CT images after 2 months of therapy showed marked shrinkage of the primary lesion, evaluated as partial response (PR) based on Response Evaluation Criteria in Solid Tumors (RECIST) v.1.1 ([Figure 1C](#fig1-1753466620935770){ref-type="fig"}). However, after 3.5 months, he again experienced increased coughing, suggesting progressive disease (PD). Blood tumor markers including NSE, SCC, and CA-125 were also observed to be increased ([Figure 1G](#fig1-1753466620935770){ref-type="fig"}). The dose escalation of alectinib to 900 mg twice daily for a month did not improve his clinical symptoms. PD was thus confirmed after a total of 4.5 months of alectinib therapy ([Figure 1D](#fig1-1753466620935770){ref-type="fig"}). Plasma NGS at PD revealed the emergence of two acquired missense mutations in the ALK kinase domain, I1171N and L1196M. Since third-generation ALK-TKI are not available in China yet, two chemotherapy regimens comprised of pemetrexed, carboplatin, and bevacizumab (Day 1: 0.8 g + 300 mg + 300 mg, 21 days/cycle) and gemcitabine, lobaplatin, and bevacizumab (Day 1: 1.6 g + 40 mg + 300 mg, 21 days/cycle) was administered for one cycle each. Despite a slight improvement of clinical symptoms with the second chemotherapy regimen, the patient refused to continue the regimen due to grade II vomiting and nausea. His therapy was then switched to lorlatinib, resulting in remarkable shrinkage of the primary lesion (\~34%), and achieving PR within a month ([Figure 1E](#fig1-1753466620935770){ref-type="fig"}). However, after a total of 3.6 months, he began experiencing hemoptysis and weakness, suggesting PD. In addition to the concurrent mutations detected previously, plasma NGS revealed the emergence of *ALK* G1202R. In late December 2018, he suffered from confusion and paralysis, suspected to be symptoms of brain progression but he was too weak to tolerate brain magnetic resonance imaging (MRI). On 3 January 2019, he was admitted to the hospital in a confused state and grave medical condition. Symptomatic treatment was administered but his condition continued to decline that led to his demise on 7 January 2019, with an overall survival of 11.7 months.

![Clinical summary of the patient. (A) Pathology results including hematoxylin-eosin staining, positivity with immunohistochemical markers of MPM including calretinin and D2-40 and negative TTF-1 expression. (B--E) Thoracic CT scans of primary lung lesions at (B) baseline (15.03 × 9.8 cm); (C) PR at 2 months of alectinib therapy (10.7 × 5.7 cm); (D) PD after a total of 4.5 months of alectinib therapy (17.59 × 12.09 cm); (E) PR within 1 month of lorlatinib therapy (14.14 × 9.94 cm). (F) An illustrated summary of the treatment received by the patient, including the best OR and PFS in each line of treatment. Mutations and their corresponding allelic fractions detected during the course of treatment using targeted NGS are also tabulated at the bottom of the figure. (G) Plot summarizing the serum levels of the tumor biomarkers including NSE, SCC, CA-125, and CEA during the treatment course.\
ALK, anaplastic lymphoma kinase; CA, carbohydrate antigen; CEA, carcinoembryonic antigen; CT, computed tomography; MPM, malignant pleural mesothelioma; ND, not detected; NGS, next-generation sequencing; NSE, neuron-specific enolase; OR, objective response; PD, progressive disease; PFS, progression-free survival; PR, partial response; SCC, squamous cell carcinoma antigen; TTF-1, thyroid transcription factor](10.1177_1753466620935770-fig1){#fig1-1753466620935770}

Discussion {#section3-1753466620935770}
==========

To the best of our knowledge, our study is the first to identify *EML4-ALK* rearrangements in a patient with MPM and describes his clinical response and molecular mechanisms of resistance to alectinib and lorlatinib. Furthermore, our report is also the first to provide clinical evidence of the mechanism of lorlatinib resistance mediated by acquired multiple mutations *ALK* I1171N, L1196M, and G1202R.

Thus far, no study has identified *EML4-ALK* in MPM.^[@bibr7-1753466620935770][@bibr8-1753466620935770]--[@bibr9-1753466620935770]^ Instead of genetic alterations in classic NSCLC oncogenic drivers, comprehensive genomic studies in MPM have revealed mutations in four pathways including the TP53/DNA repair, cell cycle, mitogen-activated protein kinase (MAPK), and phosphoinositide 3-kinase (PI3K)/AKT pathways.^[@bibr8-1753466620935770]^ The remarkable clinical responses of our patient, including the significant tumor shrinkage and improvement in clinical symptoms were associated with the reduction in the allelic fraction (AF) of *EML4-ALK* fusion, suggesting that the *EML4-ALK* fusion was a major oncogenic driver that contributed to the sensitivity to alectinib-mediated inhibition of the MPM of our patient. Despite the remarkable clinical responses he achieved with alectinib and lorlatinib, resistance to these inhibitors developed within 3.5 months through the emergence of multiple secondary missense mutations in the kinase domain of ALK. His resistance to alectinib was potentially mediated by the acquisition of *ALK* I1171N and L1196M ([Figure 1](#fig1-1753466620935770){ref-type="fig"}). He responded to lorlatinib until the emergence of *ALK* G1202R confirmed to be in *cis* to L1196M ([Figure 2](#fig2-1753466620935770){ref-type="fig"}) and concurrent to I1171N. These three missense mutations are commonly acquired, albeit as single or double mutation(s), during ALK-TKI therapy, and mediate drug resistance.^[@bibr14-1753466620935770]^ *ALK* I1171N has been shown to be resistant to crizotinib and alectinib, but sensitive to ceritinib and lorlatinib, whereas L1196M is resistant to crizotinib and sensitive to alectinib, ceritinib, and lorlatinib; G1202R is resistant to crizotinib, alectinib, and ceritinib, and is sensitive to lorlatinib.^[@bibr14-1753466620935770],[@bibr15-1753466620935770]^ Whereas single mutations of I1171N, L1196M, and G1202R are sensitive to lorlatinib, preclinical evidence had demonstrated lorlatinib resistance in compound mutations between G1202R and either L1196M or I1171N.^[@bibr15-1753466620935770],[@bibr16-1753466620935770]^ Ceritinib is potentially effective in targeting *ALK* I1171N/L1196M double mutations,^[@bibr16-1753466620935770]^ whereas *ALK* G1202R/L1196M is resistant to all available ALK-TKI.^[@bibr15-1753466620935770],[@bibr16-1753466620935770]^ The resistance to alectinib and lorlatinib therapy in our patient was potentially mediated by multiple mutations *ALK* I1171N/L1196M and *ALK* I1171N/L1196M/G1202R, respectively. A synergistic effect among these acquired multiple mutations contributes to the complexity of ALK-TKI resistance mechanism. This evidence emphasizes the need for molecular profiling during the treatment course to monitor genetic alterations that could potentially mediate resistance to ALK-TKIs, particularly when administered sequentially, to improve the clinical management of patients with *ALK*-rearranged tumors.

![Screenshots from integrated genome viewer illustrating the compound *in cis* mutations *ALK* L1196M and G1202R detected from the patient at PD from lorlatinib therapy. Left panel is a zoom-out view that illustrates the sequencing reads for the region; the right panel is a base-level view that illustrates the base change. Colors represent the base change, wherein red represents the nucleotide threonine (T). The red column on the left represents reads with c.3604G\>A (p.G1202R), while the red column on the right represents reads with c.3586C\>A (p.L1196M), indicating substitution of C or G with A on the antisense strand. Exon 23 of ALK is depicted at the bottom left panel as a black box with repeating less-than symbols (\<) indicating its antisense direction. Each gray row represents the sequencing read from a DNA fragment and the presence of both red bars on the same gray row represents their detection on the same strand of DNA. Two bars located at the bottom respectively indicate the nucleotide and amino acid sequence annotation of ALK.\
ALK, anaplastic lymphoma kinase; PD, progressive disease.](10.1177_1753466620935770-fig2){#fig2-1753466620935770}

Conclusion {#section4-1753466620935770}
==========

Our report provides clinical evidence of the identification of *EML4-ALK* rearrangement in a patient with MPM, which is very rare, as well as his therapeutic response to ALK-TKIs. Moreover, our case also identified the acquired mechanisms of lorlatinib resistance mediated by multiple missense mutations in ALK kinase domain, I1171N, L1196M, and G1202R. Our report contributes an incremental step to our understanding of the clinical responses of *ALK*-rearranged MPM to ALK-TKI therapy and the complex molecular mechanisms of acquired resistance to sequential ALK-TKI therapy. Moreover, this report also highlights the importance of targeted sequencing in elucidating the molecular mechanism of treatment response and disease progression.
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